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The amorphous oxide semiconductor Indium-Gallium-Zinc-
Oxide (a-IGZO) has gained a large technological relevance as a
semiconductor for thin-ﬁlm transistors in active-matrix
displays. Yet, major questions remain unanswered regarding
the atomic origin of threshold voltage control, doping level,
hysteresis, negative bias stress (NBS), and negative bias
illumination stress (NBIS). We undertake a systematic study of
the effects of oxygen vacancies on the properties of a-IGZO by
relating experimental observations to microscopic insights
gained from ﬁrst-principle simulations. It is found that the
amorphous nature of the semiconductor allows unusually large
atomic relaxations. In some cases, oxygen vacancies are found
to behave as perfect shallow donors without the formation of
structural defects. Once structural defects are formed, their
transition states can vary upon charge and discharge cycles.
We associate this phenomenon to a possible presence of
hysteresis in the transfer curve of the devices. Under NBS, the
creation of oxygen vacancies becomes energetically very
stable, hence thermodynamically very likely. This generation
process is correlated with the occurrence of the negative bias
stress instabilities observed in a-IGZO transistors. While
oxygen vacancies can therefore be related to NBS and
hysteresis, it appears unlikely from our results that they are
direct causes of NBIS, contrary to common belief.
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1 Introduction Amorphous oxide semiconductors
have raised a great interest for display applications as
potential alternatives to amorphous silicon (a-Si) because of
their large charge carrier mobility and enhanced stability.
Further, they can be processed at low temperatures, even
directly on plastic substrates. These properties will enable
ﬂexible displays and other emerging ﬂexible electronic
components such as RFID tags [1].
Even though the ﬁrst a-IGZO based displays are
commercially available, basic understanding of the funda-
mental properties of a-IGZO is still lacking. For instance,
the factors that deﬁne doping mechanism(s) and the origin
of the bias stress instabilities are not yet fully understood.
The mechanisms at the origin of these processes have
proven difﬁcult to isolate from experiments, due to the
sensitivity of the transistors to numerous factors, such as the
presence or the absence of passivation layers, the deposition
conditions, the annealing steps, the materials used, and the
structure of the stack [2].
On the other hand, theoretical simulations suffer from
the opposite problem: it is very difﬁcult to account properly
for all possible factors into a single simulation. For instance,
the quantitative modeling of the simplest electronic
properties using ﬁrst-principles simulations is by itself a
challenging task for complex systems such as wide-bandgap
amorphous multi-component oxide materials.
The main challenge to model a-IGZO consists in
deﬁning an atomistic model to represent accurately the
amorphous nature of the material, while properly accounting
for the discontinuity of the exchange-correlation potential
used in classical Density Functional Theory (DFT)
formalism. This typically results in a large underestimation
of the electronic gap and leads to a different interpretation/
evaluation of the nature of defects throughout the literature.
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As a consequence, different theoretical ﬁrst-principle
studies have led to contradictory interpretations, which
we summarize for the sake of discussion in the following
paragraphs.
To avoid confusion in the interpretation of simulation
results discussed in the following, it is important to highlight
the difference between the computed Kohn-Sham states
and the so-called charge transition levels of a defect. A
Kohn-Sham state is an energy level of a quantum state as
directly computed from the Density Functional Theory
(DFT). In contrast, the charge transition level represents the
energy level at which a charge is thermodynamically
trapped or detrapped from a defect, and hence, it directly
corresponds to experimentally observed energy levels. To
efﬁciently dope an n-type semiconductor such an a-IGZO,
shallow donors are needed. “Shallow”means that the charge
transition levels to a neutral state must be located at the edge
of, or in the conduction band. If the charge transition level is
too far from the conduction band, the defect is a deep donor
and acts as an electron trap.
Noh et al. and Ryu et al. predicted that these charge
transition levels for oxygen vacancy are slightly below the
conduction band edge for the vacancies with the lowest
formation energy [3, 4]. Their position is nevertheless close
to this edge, and defects with higher formation energy have
levels within the bandgap and hence, act as shallow donor.
This leads to a picture where most oxygen vacancies act as
deep donors while a minority of them act as shallow ones.
These authors further predict that vacancies capturing
one electron (þ1 vacancies) are unstable and will therefore,
spontaneously capture one additional electron to become
neutral, or release the captured electron to become þ2,
depending of the fermi-level (Ef). This instability implies a
direct transition from the þ2 state to the neutral one (þ2/0)
and is called a negative U defect.
Other authors have focused their study on neutral
vacancies [5]. Given that the computation of charge transition
levels requires the simulation of charged vacancies, these
authors only analyze the position of the Kohn-Sham states
originating for these defects. This position is found to differ
greatly depending on the reference paper: Noh et al. predict a
location in the center of the bandgap, while Korner et al.
predict them to be in the upper part and Kamiya et al. in the
lower part of the gap [5].
Interestingly, Kamiya et al. and Ryu et al. report the loss
of the defective state upon simulation of a thermal annealing
process. In such a situation, the electrons initially captured
by the defective state become delocalized in the conduction
band. The oxygen vacancy therefore acts as a shallow donor,
as the vacancy is unable to trap the electrons. Kamiya et al.
therefore concluded that shallow oxygen vacancies could be
formed if a sufﬁcient atomic reorganization of the structure
occurs. Otherwise, the vacancy would act as a deep donor
and capture the electrons.
These conclusions were drawn from calculations using
periodic structural models of modest size (84 atoms) which
may induce artefacts due to the usage of periodic boundary
conditions in the disordered structure. Indeed, as we stress in
the body of this paper, enlarging the dimension of the
disordered model up to unit cells with, for instance, 105
atoms, already leads to different conclusions. In this case,
we observe that a signiﬁcant part of the generated vacancies
do not lead to the formation of a defect signature in the
bandgap for the neutral state, without the application of an
annealing treatment. This is due to the reduction of the
impact of the periodicity on the degrees of freedom of the
system to undergo an atomic reorganization. In this work,
we illustrate that the size of the system used to model a-
IGZO plays an important role on the predicted properties
and on the interpretation of experimental results.
Starting from an initial stoichiometric amorphous
InGaZnO4 structure (containing 105 atoms in its periodic
unit cell i.e., with dimensions larger than the ones typically
found in literature), we study the properties of 60 different
structural models of oxygen vacancies. We determine their
signature in the bandgap, their charge transition levels and
their stability. We subsequently correlate these ﬁndings to
observations such as hysteresis and bias stress in electrical
measurements in a-IGZO transistors.
2 Experimental
2.1 Device fabrication and electrical
characterization The transistors were made with a
bottom gate and top contacts on a highly doped silicon
substrate. The latter is used as gate and is covered by a
130 nm layer of thermally growth SiO2 acting as gate
dielectric. The a-InGaZnO4 layer was deposited by DC-
sputtering, with a thickness of 12 or 50 nm, and patterned
with wet-etch. Molybdenum contacts were deposited by lift-
off. A 100 nm SiO2 passivation layer was deposited by
PECVD and the resulting transistors were annealed in
Nitrogen for 1 h at 165 8C [6].
The measurements were performed in a linear mode
(VDS¼ 0.5V). The channel width and length are 60mm. For
negative bias stress measurements, a ﬁeld of 1MVcm1
corresponding to VGS-VON/tox was applied over the gate
dielectric, while the source/drain electrodes were grounded.
The transfer curves as plotted in Fig. 1 are obtained while
temporarily removing this stress voltage at speciﬁcally
chosen times.
2.2 Theoretical calculation The amorphous struc-
ture of IGZO, containing 105 atoms, was generated using
the LAMMPS code [7]. This structure was quenched at
0.0125K fs1 from a melt thermalized at 3000K during
75 ps. The pair potentials used for these simulations are
reported in Ref. [8]. The quenched structure was then
relaxed within the framework of the density functional
theory (DFT) using the Quantum-espresso ﬁrst-principles
package [9]. The sampling procedure, as well as the
characterization of the resulting structures, are thoroughly
discussed in Ref. [10]. All simulations were performed
using the PBE exchange correlation functional with a
Hubbard term of 6.08 eV [11]. A kinetic cut-off for the plane
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wave expansion of 35Ry and a 2 2 2 non-shifted
Monkhorst-Pack grid for the relevant reciprocal space
integrations were used. Structures with odd electron number
(þ1 and 1 charge states) were treated with a spin
polarization description.
The oxygen vacancies studied in this article were
generated by selectively removing an oxygen site from one
of the previously generated a-IGZO models. This results in
60 different oxygen deﬁcient models providing insights into
the statistical distribution of the properties of oxygen
vacancies. To account for ionization of these vacancies, ﬁve
charged states were studied: the neutral, theþ1,þ2,1, and
2 states. For all the models, the atomic forces were
minimized to reach a threshold of 2 103 Ry/Bohr.
The presence of charge defects ideally requires the use of
a large simulation cell, to avoid that an unrealistic coulomb
interaction occurs between the periodic images [12].
Unfortunately, the cell used in our simulations was not large
enough to avoid this problem. As larger cells are
computationally too demanding, a correction model was
used to minimize the induced error. For localized defects, the
correction model of Freysoldt et al. was used, as it provides
the most accurate scheme available in literature [12, 13].
Following [13], the formation energy of an isolated defect
(Eisof ) is given in function of the Fermi energy (EFermi) by:
Eisof EFermið Þ ¼ Edefectivedft  Ebulkdft  Elat þ qDV
 Snsms þ q EFermi þ evbm
  ð1Þ
where Edefectivedft is the total energy of the defective system and
Ebulkdft is the pristine one. Elat is the correction term used to
account for the interaction energy between the periodic
charge defects (using the scheme proposed in Ref. [13]), q is
the charge, DV is the alignment term, ns the number of
species added (>0) or removed (<0), ms their chemical
potential, and evbmthe energy of the valence band maximum.
In contrast to the original method, the alignment of the
electronic structure (qDV in Eq. 1) was realized by aligning
the electronic structure of the different models on the deep
d-electrons of In and Ga, which can be considered as being
core electrons. The relative dielectric constant used for the
Elat term was 12.54, this value was computed using a ﬁnite
difference approach on the non-defective model [14]. An
electric ﬁeld perturbation of 0.001Ry and an atomic
displacement of 0.01 Bohr were used to establish the
dielectric constant. This value matches well the experimen-
tal values provided in the literature, which vary between
11.5 and 13 [15]. For the chemical potential of oxygen, we
assumed oxygen rich conditions, implying that ms is deﬁned
to be half of the value of the total energy of an oxygen
molecule in its triplet state.
As detailed in the body of the text, we found that oxygen
vacancies do not always create structural defect leading to a
localized state in the gap. As a consequence, the charges
associatedwith thesedefects aredelocalized in the conduction
band. Consequently, the interaction model proposed by
Freysoldt et al., which assumes a localized charge, cannot
properly correct the formation energy of the delocalized
nature of the charge [12, 13].For this reason, in thepresenceof
delocalized states, we modiﬁed Eq. 1 by replacing the total
energy of the neural bulk by the one of the charged, non-
defective bulk system and by removing the correction terms
(Elatþ qDV). In this situation, the additional energy brought
by the delocalized charge is accounted for by the two energy
terms, and their contributions are therefore canceled.
Some variations of the position of the conduction band in
the model with oxygen vacancies are visible in Fig. 2. In the
absence of a localized state in the gap, a downward-shift of the
Figure 1 Negative bias stress in IGZO transistor (W/L¼ 1) after a
bias of VGS-VON/tox¼1MVcm1 with the source/drain electro-
des grounded. The bias was applied for 0, 100, 1000, and 10,000 s.
The transfer curves are measured at VDS¼ 0.5V, Tox¼ 130 nm.
Figure 2 Distribution of the signature of the localized Kohn-sham
states for 60 different models of an oxygen deﬁcient a-IGZO and for
ﬁve different charge states. The ﬁgure represents the position in
energy (at gamma) of the Kohn-Sham states of the conduction band
(blue), valence band (green), and of the states in the bandgap due to
the localized Metal-Metal state (red) when they are present. These
states are plotted as a function of the formation energy of the
vacancies in oxygen rich conditions. As this energy is dependent of
EF for charged states (see Eq. 1 in method), EF is set at the valance
band. When EF travels toward the conduction band, the formation
energy of the negative states decreases while the one of the positive
state increases. The formation energy of the neutral state however is
independent of EF. The zero of energy is set at the top of the valence
band (i.e., the last occupied state in the pristine system,which is a tail
state) [10]. The vertical continuous lines represent the top of the
valence (at zero, in green) band and the bottom of the conduction
band (in blue, at 2.4 eV) of the pristine system.
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conduction band from 10 to 400meV is visible. This is
explained by the reduction of the coordination of the
neighboring sites of the removed oxygen [10]. The effect is
more prominent in the simulation than in reality because of (i)
the dimension of the atomistic model, (ii) the unrealistically
high doping of1021cm3 represented by the addition of one
electron in our models, and (iii) a possible energy-alignment
error between the models. In the presence of localized states,
the position of conduction band is more strongly altered
compared to its initial position without vacancies (vertical
blue line in Fig. 2). This variation is explained, in addition to
the problem described previously, by the fact that the
defective states arise from the bonding of a fewmetal atomsas
described in the results section. The problem is connected to
the nature of the pristine conduction band formed by the
bonding of all the metal atoms. Given the periodic conditions
used and the size of the model, the variation of the bonding of
the metals involved in the defective state is sufﬁcient to
modify the energy of the conduction band and explains the
shift observed in Fig. 2.
The results described in this work are obtained for a
model containing 105 atoms. Literature results are based on
models with 84 atoms. Contrary to our ﬁndings, they report
that most of the vacancies form metal-metal defects in the
neutral state, which therefore undergo a þ2/0 transition
[3, 4, 5a, 5b]. As highlighted in the introduction, we attribute
this discrepancy to the sensitivity of the relaxation process
to the size of the model used. To explore further this
phenomenon, we built a 2 1 1 super-cell of the initial
model. We subsequently created ﬁve models of neutral
oxygen vacancies in this model containing 210 atoms
(22 11 11 Å). Out of these ﬁve models, only one
displayed a signiﬁcant deviation with respect to our
reference 105 atoms model. In the latter case, the vacancy
induces a state in the bandgap, but with the larger model, no
states are present in the gap. Thus, it appears that that models
with 84 atoms used in literature so far, are too small and
artiﬁcially enhance the creation of localized states.
The importance of the model size is related to the
propagation of the structural relaxation induced by the
removal of an oxygen. The large variation of electron density
upon electron addition or removal (1021cm3) also plays a
role. As illustrated in Fig. 3, substantial atomic displacements
(larger than 1 Å) with respect to the pristine case can occur up
to7 Å awayfromtheoxygenvacancycenter. Ifweassume that
displacements below 0.1 Å are negligible, the atoms located
beyond a radius of 9 Å away from the vacancy center can be
considered as being unaffected. As the maximum distance
between two different atomic sites is 9.5 Å in a 105 atoms
structure, this suggests that the relaxation process is
inﬂuenced by the size of the model. For the 2 1 1
super-cell (see Fig. 3b), a similar relaxation radius of9 Å is
found along the extended direction. This points towards the
fact that, ideally, the dimensions of the model used should
guarantee that a minimum distance between two adjacent
vacancy center sites is about 9 Å. Consequently, this requires
models containing469 atoms (18 18 18 Å) if an atomic
density of 6 g cm3 is assumed. Unfortunately, the computa-
tional burden associated to such models makes them very
challenging to tackle.
3 Results The electronic behavior of a defect is linked
to its ability to trap or release electrons as a function of the
position of the Fermi level. The 60 different models of an
oxygen vacancy were therefore studied accounting for ﬁve
different ionization states each, ranging from þ2 to 2.
Figure 2 reports the resulting position of the Kohn-Sham
states obtained between the valence and conduction bands,
and are discussed below. The evolution of the different charge
states as a function of the Fermi-level is discussed later in this
section. When positively ionized (þ2 or þ1), none of the
vacancies in the 60 models considered led to the formation of
a localized Kohn-Sham state in the bandgap. We conclude
that positively ionized oxygen vacancies do not create
structural defects. If electrons are added to the system, without
allowing for any atomic reconﬁguration, these electrons
directly go into the conduction band and cannot be localized.
If electrons are added to themodel and the atomicposition
of the atoms is allowed to change, models for neutral and
negatively ionized vacancies are created. For neutral oxygen
Figure 3 Variation of the atomic position as a function of the distance from the oxygen vacancy center subsequent to the relaxation
process with respect to the non-defective model. The left panel (a) corresponds to the displacement for the 60 oxygen vacancies in the 105
atoms model. The right panel (b) shows the displacement for only 5 vacancies in the 210 atoms model (2 1 1 super-cell). The doted
and continuous lines are a guide for the eyes for variations of 1 and 0.1 Å, respectively.
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vacancy states, 27 models out of 60 (45%) form a localized
Kohn-Sham state, while the remaining 33models (55%) do
not. For the systems leading to a localized state, the
wavefunction of the vacancies adopts a bonding character
between metal sites located in the direct neighborhood of the
defects, combinedwith someantibonding contributions of the
surrounding oxygen atoms, as illustrated in Fig. 4. Given the
nature of the wave-function, this defect is labeled as being a
Metal-Metal (M–M) bond.
These localized Kohn-Sham states arise from the
hybridization between the metal s- and p-orbitals and are
located in the upper-half of the bandgap, as shown by the red
markers in Fig. 2. This localization ﬁnds its origin in the
stabilization of the more directional p-orbital in the presence
of a high electron density and is discussed in more details in
the supporting information.
When loaded with one or two electrons, these vacancies
lead to the formation of localized states in the bandgap for
98 (charge 1) and 100% (charge 2) of the 60 considered
models. As observed for the case of neutral vacancies, these
localized states arise from the formation of M–M bonds.
At this stage, it is important to stress that the term
“oxygen vacancy” literally corresponds to the displacement
of one oxygen atom from a stoichiometric InGaZnO4 model
to an external reservoir (being vacuum, another material or
ambient). In reality, oxygen vacancies are formed during the
deposition of the material or by the outer diffusion of
oxygen atoms. The modeling approach aims at mimicking
the creation of defects that could take place during the
deposition of an a-IGZO (locally) oxygen deﬁcient. Such a
direct removal can be considered as the worst case scenario,
since the structure has less freedom to accommodate or to
compensate the presence of the defective center than during
the deposition or an annealing process.
From this perspective, we observe that oxygen
vacancies lead to two distinct effects, depending of the
position of the Fermi level: there is either no speciﬁc defect
electronic signature, the vacancy is hence a perfect shallow
donor that frees 2 electrons to dope the material; or they lead
to the formation of a M–Mbond forming a defective level in
the band gap. In the latter case, the two electrons “freed” by
the shallow oxygen vacancy are trapped by this metal-metal
state inducing a deep donor state.
As previously shown, vacancy models with a þ2
charge lead to the formation of shallow donors, while
vacancy models with a 2 charge generate deep donors.
Given that the associated formation energies are
dependent on the position of the Fermi-energy (see
Eq. 1 in section 2, experimental and theoretical details), a
shallow to deep donor transition is expected to occur
whenever the Fermi-energy is sufﬁciently raised toward
or in the conduction band. The Fermi-level at which such
a transition occurs, is quantiﬁed by the so-called charge
transition levels [16].
However, the concept of charge transition level is in
principle only valid in the presence of a defect which is able
to trap or release electrons. As stated above, all the þ2, þ1,
and half of the neutral oxygen vacancies in IGZO are unable
to do so. In this situation, aþ2/þ 1,þ2/0 orþ1/0 transition
loses its original meaning since the electrons cannot be
localized. This has an important impact on the interpretation
of the results: while a deep donor is usually deﬁned as a
donor with a charge transition level to the neutral state (þ2/0
or þ1/0) situated below the conduction band, this is not
always true in the present situation. Indeed, the defect can
only become a deep donor if there is the formation of aM–M
bond, which is not always the case. These charge transition
levels still provide some information on the relative stability
of the structural conformations accessible upon the removal
of an oxygen. Indeed, even if no structural defects are
formed, the charge injection process can still lead to a
substantial atomic relaxation. In this situation, the eþ2=þ1
transition reﬂects the position of the Fermi-level for which a
structural modiﬁcation between theþ1 andþ2 charge states
is thermodynamically favored. Nevertheless, as these
relaxations do not lead to any charge trapping, the effect
on the electrical measurements is unnoticeable. A surprising
consequence, is that even if a þ1 to þ2 charge transition
exists, the transition from the shallow to the deep defect
would always capture 2 electrons simultaneously.
The distribution of the charge transition levels
computed for the different vacancies is reported in Fig. 5.
The majority of the transitions from a positive to a neutral
charge state (þ2/0 and þ1/0) are found to lie above the
conduction band minimum, which indicates that even
without taking into account the formation of an M–M bond,
most of the vacancies adopt a shallow signature. Interest-
ingly, the oxygen vacancies adopt three different charge
transition levels which are distributed as follows: 42% of
them undergo aþ2/0 transition,57% aþ2/þ 1 transition,
and the remaining 1% a þ2/1 transition. Notice that for
clarity, only the ﬁrst transition level is plotted in Fig. 5.
Subsequent transitions, such as the þ1/0 for the þ2/þ 1
group, occur at higher energies, deep into the conduction
band.
Figure 4 Iso-surface of the electron density for the molecular
orbital associated to a metal-metal bond, connecting an indium and
a zinc atom together, and forming a localized state in the gap. The
colors (yellow, blue) provide the sign of the wave-function. Image
produced with Vesta [26].
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A few exceptions set aside, the negative U (þ2/0)
transition occurs whenever an M–M bond is formed in
the neutral state, for example upon the formation of a
deep donor signature. Interestingly, we observe that the
þ2/0 transition is accompanied by a substantial atomic
relaxation process. We refer to the energy released through
this process as being the relaxation energy (Erelax). A
schematic illustration of its impact on the transition energy
level is sketched in Fig. 6 for a transition occurring from a
þ1 to a neutral charge state. In the relaxedþ1 state (Fig. 6a),
the structure lies in a local minimum (b). Upon the addition
of a charge and assuming that no structural relaxation is
allowed, the structure does not remain anymore in its
minimum and evolves to adopt new energy (b0). Whenever
the atomic relaxation is allowed, the system evolves to
decrease its energy to reach a newminimum (a). The energy
released during the relaxation process corresponds to
the relaxation energy (Erelax). An increase in the Fermi
energy (EF) (i.e., going from Fig. 7a to c) changes the
relative positions of a and b but not their relaxation
energies. In the particular case where a¼b, the Fermi level
lies, by deﬁnition, at the charge transition level. Large
values of Erelax lead to a reduction of the energy difference
Eþ1/0¼a b and therefore promote a charge transition
level at lower position of the Fermi level.
The origin of the different charge transitions can
therefore be understood from the distribution of the
relaxation energies computed in Fig. 7, for the transitions
taking place from a positive charge state to a neutral one. In
this ﬁgure, two groups can be distinguished. In the ﬁrst one,
the relaxation energies are negligible and a þ2/þ 1
transition is favored (green diamond  Fig. 7). In the
second group, the relaxation energy is large and the þ2/0
transition is more likely (blue triangle  Fig. 7). When a
large relaxation energy is possible by a subsequent atomic
reorganization, the transition to the neutral state is
energetically preferred, which leads to the þ2/0 transition.
This effect is nicely illustrated in the case of the two
vacancies whose charge transition levels lie just below the
conduction band of IGZO (labeled as c and d in Fig. 5).
These two vacancies are associated with relaxation energies
for the þ2 and neutral charge states as high as 2.6 and
1.8 eV, respectively (Fig. 7, right panel).
While most relaxation energies going from the þ1 to
the þ2 charge state are negligible, some signiﬁcant
atomic relaxations are exceptionally found to happen,
forcing a þ2/þ 1 transition to occur at a much lower
energy. This is for instance the case for the two vacancies
labeled a and b in Figs. 5 and 7, with relaxation energies
of 2.6 and 1.9 eV between the þ1 and þ2 charge states (in
Fig. 7, those relaxation energies are obtained as the
difference of the relaxation energy between the right and
the left panel). However, these two vacancies do not
localize any electrons in their þ1 state since no localized
state is present to trap them. In other words, when one
such oxygen vacancy is present and the Fermi level is
lifted from the bottom of the valence band to cross the
corresponding energy level a or b in Fig. 5, a structural
relaxation takes place but no electron is trapped in the
bandgap.
Figure 5 Charge transition levels computed for the 60 oxygen
vacancies in an oxygen rich environment. Three charge transitions
are found, the þ2/þ 1 transition (green diamond), the þ2/0
transition (blue triangle) and theþ2/1 (red point).The letters a, b,
c, d label the four vacancies with the largest relaxation energies, as
discussed in the text and in Fig. 7. The horizontal dashed line
represents the position of the bottom of the conduction band of
IGZO, the energy is referenced from the position of the last tail
state (chosen to be the top of the valence band).
Figure 6 Conﬁguration diagrams for a neutral (b) and a positively
charged (a) oxygen vacancy for 3 locations of the Fermi level. At
low Fermi level (panel a), theþ1 charge state (b) is the more stable
one (lower energy). When both state have the same energy, the
charge transition level is reached (panel b) and the neutral state (a)
becomes the most stable one when EF further increases (panel c).
The relaxation energy is the energy released when the vacancy
undergoes the charge transition in panel b.
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The unique þ2/1 transition observed for a single
vacancy model is more surprising (red dot on Figs. 5 and 7)
but ﬁnds also its explanation in the relaxation energy
occurring between the neutral and the 1 charge states. For
this speciﬁc system, the relaxation energy computed from
the neutral to the 1 state is 1 eV, while the one obtained
between the other charge states is at most 0.07 eV, making
the transition to the 1 state by far the most energetically
favorable.
In summary, oxygen vacancies can only create deep
donors whenever anM–Mbond is formed.We observed that
for half of the computed vacancies, the defectiveM–Mbond
is only created whenever the Fermi-level lies far above the
conduction band minimum. For the remaining half, the
signature of the M–M bonds is distributed in the conduction
band, with some occurrence below it. Given that the
relaxation energies can be signiﬁcant (up to 2.6 eV), one
cannot exclude that the atomic reorganization shows some
dependency on the physical dimensions used for the model.
This is further supported by a comparison with previous
literature reports obtained on models built with 84 atoms in
their unit cells [3–5]. In these results, the transition to the
deep donor signature is found to take place close to the
conduction band for all the vacancies. However, upon
annealing, some vacancies were found to be shallow, even
for a Fermi-level lying in the conduction band [3,5d]. Our
results therefore point out that, provided that a larger
atomistic model is used, oxygen vacancies adopt a more
shallow signature. Further studies are needed to determine
whether in such much larger models the transition to a deep
donor character is pushed even deeper into the conduction
band. In such a case, the metal-metal bond would only
appear in highly doped a-IGZO.
This sensitivity to the model size is further discussed in
the Experimental Section. It is ascribed to the fact that the
structural relaxation in a-IGZO is large: when introducing a
vacancy, we ﬁnd substantial atomic displacements up to
0.7 nm away from the defect. The model size should be large
enough to capture the complete zone affected.
This picture becomes even more complex when one
realizes that not all charge transitions processes are
systematically reversible. It is intuitively expected that,
when a charge is added and subsequently removed, the
system reverts to its initial state. However, it is not the case
for a fraction of the vacancies that we studied in this work.
We observed two effective scenarios as illustrated in Fig. 8:
in the ﬁrst one (Fig. 8a), the charge trapping leads the system
into a meta-stable position, that is in a local energetic
minimum. In the second scenario (Fig. 8b), it drives it out of
its meta-stable position.
For a given charge state, the structure is labeled as being
meta-stable whenever an alternative atomic conﬁguration
with a lower total energy exists and can be reached by
cycling through the states with a simple atomic optimization
process (i.e., the transition is spontaneous). An illustration
of this process is given in Fig. 8. At equilibrium, Fig. 8a, the
system adopts the lowest energy position in a charged state
S1 (labeled as 1). Whenever the vacancy is excited to the
charge state S2, the system relaxes to reach a new
equilibrium position (referred to as 2). Upon the reverse
process, that is, going back to charge state S1, the system
relaxes to another minimum S3 (labeled 3). As this local
minimum has a larger energy compared to S1, this
conﬁguration is energetically “meta-stable.” The process
can be reversed with the help of another charged state, as
illustrated in Fig. 8b. This leads to the escape from the meta-
stable conﬁguration (3) to the more stable conﬁguration (1).
A computed illustration of the process is given in Fig. 9.
In the initial neutral state, labeled 0, no metal-metal state is
present in the bandgap. Upon the additions of two electrons,
a localized state, labeled 2, is formed. Upon electron
removal, the signature of the state remains and a new
conﬁguration, labeled 00, is obtained for the neutral state.
This conﬁguration (00) is less stable by 1.6 eV compared to
Figure 7 Relaxation energies between theþ1
and the neutral states (left panel) and between
the þ2 and neutral states (right panel). A
negative relaxation energy indicates that the
neutral stateundergoesa relaxationprocess into
a different minimum upon charging and
discharging. The color code is the same as
the one used in Fig. 5. The letters a, b, c, d label
the vacancies which display the largest relaxa-
tion energies going between the þ1 and þ2
charge states (a, b) or between the þ2 and
neutral states (c, d) in Fig. 5.
Figure 8 Conﬁguration diagrams representing (a) a structure
going from a stable position (1) to a meta-stable position (3)
through a charge state S2. (b) A structure going from a meta-stable
position (3) to a more stable one (1) through a charge state S3.
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the initial one (0) and is therefore “meta-stable.” Finally,
upon the removal of one or two additional electrons,
producing a þ1 or þ2 charge state, the initial structure,
without a state signature in the gap, is recovered.
It can be observed from Fig. 9 that depending on the
choice of reference for the computation of the relaxation
energies, these energies can be negative. Indeed, if the state
00 in Fig. 9 is chosen as a reference instead of state 0, the
relaxation energies of most of the charge states would
have been negative. A negative relaxation energy therefore
implies directly that the reference neutral state is meta-stable
and that it will relax to a different minimum after ionization.
This effect is not negligible, as illustrated by the distribution
of the relaxation energies in Fig. 7. Out of the 60 computed
vacancies, 33% have a negative relaxation energy for the
1 state,16% for the2,14% for theþ1, and15% for
the þ2 state.
4 Discussion and correlation with experiments
Our results indicate that oxygen vacancies are, in general,
shallow donors. Nevertheless some charge transition levels are
found slightly below the conduction band and can act as deep
donor states.
It was shown that the ionization of vacancies can drive
the system into or out of a meta-stable conﬁguration. In
general, negatively charged states lead to the formation of
a structural defect in the shape of a bond between two metal
atoms, which induces the formation of a localized state in
the bandgap and hence a deep donor. The formation of this
bond is followed by a large structural relaxation and tends
to drive the system into a metastable conﬁguration upon
charge removal. However, a positive charge state always
cures the structural defect and therefore removes the
localized state from the bandgap, driving the system out of
this “meta-stable” conﬁguration. Despite the large structural
relaxation, the transition is spontaneous and is expected to
occur at the time scale of a few atomic vibrations (typically
in the order of 1013–1012 s), which is smaller than the
latency typically met in experimental measurements [17].
Therefore, such a transition is observed as a simple trapping
(or detrapping) of two electrons.
Hence, the charge transition levels of some vacancies
are not stable and can evolve upon charging and
discharging, as it is the case during the operation of a
device. This can participate in the hysteresis of the transfer
curve observed in a-IGZO transistors, as illustrated in
Fig. 10. A large positive gate voltage raises the Fermi level
toward the conduction band and ﬂoods the system with
electrons, therefore inducing a shallow to deep transition for
some vacancies. Ideally, the reverse transition to the shallow
donor state could also occur at the same Fermi-energy and
therefore, only affect the subthreshold slope of the
transistor. Nevertheless, as discussed previously, the
formation of these states can lead to a meta-stable
conﬁguration when unloaded. These meta-stable conﬁg-
urations can then be relaxed into more stable conﬁgurations
either directly, by a reduction of the gate bias (i.e., by
forcing the ionization process) or indirectly, by waiting the
time required to promote a spontaneous transition due to the
thermal energy. In a direct ionization process, the defect will
be ionized whenever the Fermi-level reaches the related
Kohn-Sham states of the defect. As these are located in the
upper part of the band gap (Fig. 2), they should be easy to
Figure 9 Illustration of a transition into a
meta-stable conﬁguration for the ﬁrst vacan-
cies (model 0) in Fig. 7. The computed
relaxation energy for different charge states
is plotted on the left. The initial 0 charge state is
taken as reference for the energy. The charge
stateswithout apostrophes represent the values
of the initial relaxation energies. The charge
states with apostrophes (00, 10, 20) are obtained
after a transition and relaxation starting from
the2 charge state. A schematic illustration of
the evolution of the conﬁguration space in
function of the energy is provided on the right
side. The arrows represent the action of adding
or removing electrons into the system.
Figure 10 Transfer curve of an IGZO transistor with hysteresis.
The arrows on the side of the curve indicate the curve obtained
when the gate voltage is increased (left curve), or decreased
(right curve). Curve obtained for VDS¼ 0.5V, with a W/L¼ 1,
Tox¼ 130 nm.
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ionize. A second sweep, starting from a negative voltage
will therefore overlap the ﬁrst one due to the absence of
remaining meta-stable trap states, as illustrated in Fig. 10. It
is however challenging to separate this mechanism from
other trapping events leading to hysteresis. For instance,
Kimura et al. [18] observed a decrease of the hysteresis upon
annealing and connected this improvement to the reduction
of the conduction band tail states observed by CV
measurements. If we assume that these tail states are
metal-metal bonds, their reduction upon annealing would
contribute to the observed lessening of the hysteresis, as
suggested by our simulations. However, high-quality
a-IGZO transistors have been reported that show a very
small hysteresis [17, 18]. Consequently, the charge trapping
from M–M bond must be weak in these structures. Several
factors can potentially inﬂuence the strength of this
hysteresis. Firstly, we cannot exclude that the values of
the transition levels going from a shallow to a deep defect
state are underestimated due to the dimensions of the model.
In this case, the M–M bonds would only be formed for
highly defective and doped structures. This would explain
why high-quality transistors display a small hysteresis.
Secondly, the amplitude of the hysteresis depends on the
density of oxygen, acting as deep donors during the
operation of the transistor. However, as illustrated in Fig. 5,
only two vacancies out of the sixty ones adopt a deep donor
signature whenever the Fermi-level lies within the conduc-
tion band. This suggests that only a small part of the
vacancies are actually active, explaining why the overall
hysteresis is weak. Note that the distribution of the transition
levels cannot be reliably established using only 60 models
and probably depends on the quality of the host structure.
Thirdly, we did not quantify the amplitude of the energy
barrier needed to be crossed to recover from the meta-stable
deep states. It is therefore possible that the latter is too small
to prevent an efﬁcient ionization process to occur at room
temperature.
The comparison of our theoretical results with the
experimental ones suggests the presence of shallow to deep
transition levels for the vacancies situated close to
conduction band for highly defective structures. Whenever
the system is lowly doped, the charge transition levels lie
deeper in the conduction band. In order to avoid the
hysteresis generated by these metal-metal states, a large
carrier concentration should be avoided in the device such
that the creation of M–M bonds is avoided. Concretely, the
doping should be reasonably low and the application of high
gate voltages should be avoided. Good short range
uniformity will provide a uniform sharing of the electrons
in the conduction band and will therefore also reduce the
probability to create a metal-metal states. High-quality
deposition and post-deposition annealing should therefore
help.
It is worth noting that the formation energy of oxygen
vacancies in the þ2 charge state is very low for a Fermi
level located at the ﬁrst tail states of our pristine model
(3.8 eV, mean value) and in an oxygen rich environment.
This value is even further reduced in an oxygen poor
environment. As a result, there is a thermodynamic driving
force to create oxygen vacancies whenever the Fermi-level
is set close to the valence band. At a high negative gate
voltage, that is under NBS, the Fermi-level in a-IGZO is set
close to the valence band tail states. In these conditions,
shallow oxygen vacancies should be formed during the
stressing time doping the channel and leading to a negative
shift of the transfer curve of the transistor as illustrated in
Fig. 1. While oxygen vacancies can thermodynamically be
formed, oxygen atoms are required to diffuse out of the
active region to form them. This is expected to be an
effective process since the diffusivity of oxygen is high in a-
IGZO [19]. Additionally, Resistive Memories based on a-
IGZO have been demonstrated, which further supports the
capacity of oxygen to diffuse in/out the material [20].
As the formation energy of the vacancies depends on the
position of the Fermi-level in the band gap, the occurrence
of NBS should become more pronounced whenever the
Fermi level lies closer to the valence band, that is, during the
application of a strong negative gate bias. Also, NBS should
saturate whenever the new equilibrium density of vacancies
is reached. Both of these predictions are observed
experimentally as depicted in Fig. 11. Experimentally, we
observe in Fig. 12 that the recovery time is similar to the bias
stress one. We also found that NBS is temperature
dependent, as shown in Fig. 13. Both observations are also
consistent with an oxygen diffusion process. Indeed, the
atoms take an equivalent time to diffuse in or out of the
active region, and a higher temperature promotes their
kinetics. Interactions with other defects such as hydrogen as
well as the quality of the interface with the dielectric are also
expected to play a role in the process. Poor-quality
interfaces, for example, may trap oxygen atoms and
slow-down or forbid recovery. On the other hand, good
Figure 11 NBS curves at different stress voltages for two 50 nm
tick a-IGZO TFT (solid and dashed lines). During stress the source
and drain are grounded and a negative VGS of13, 26, or39V is
applied; during measurement VDS¼ 0.5V andVGS¼ 20V. The
size of the transistor is W/L¼ 1. The voltage shift, DVmax, is
computed as being the shift of voltage needed to obtain the same
IDS current that the maximum IDS at VGS¼ 20V at time¼ 0 s.
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interfaces with materials where oxygen is unlikely to diffuse
in, should improve NBS instability. We attribute the
differences in the NBS response for the two channel
thicknesses shown in Fig. 12 to the difference in
contribution of the interface defects.
It is tempting to associate the negative bias illumination
stress (NBIS), as an enhanced version of NBS. Yet, it is
found that part of the NBIS does not recover easily, contrary
to normal NBS [21]. This points out that another mechanism
is at play.
Different authors have postulated that neutral vacan-
cies could capture holes and get ionized under NBIS
[3, 4, 22]. The ionization would result in the breaking of
the M–M bond and lead to shallow oxygen vacancies,
doping the material accordingly. In other words, it is
assumed that the deep to shallow transition occurs close to
the valence band in complete opposition to the theoretical
results. Indeed, all the vacancies are found to be
spontaneously ionized into a shallow donor for a
Fermi-level lying in the upper-part of the band gap. This
process should therefore lead to hysteresis of the
transistor curve as discussed previously and not to an
NBS or an NBIS phenomenon. Considering the large
experimental bandgap (3 eV), the Fermi level should be
able to drop by more than 2 eV below the conduction
band, close to the valence band tail states, if a low density
of states is present in the bandgap and if the Fermi level is
not pinned by other defects. In those circumstances, given
that the energy of ionized defects is proportional to qEf,
and that the ﬁnal state is doubly ionized (q¼2), the
ionized vacancy will see its energy decrease by 4 eV
compared to the neutral one. It is unrealistic to believe
that an additional photon energy of about 2.9 eV, as used
in NBIS experiments, is then still required to force the
ionization. Note also that photo-ionization cannot extract
two electrons at once. If an oxygen vacancy is photo-
ionized, it will ionize into the þ1 charge state.
Nevertheless, this charge state is unstable and will relax
to the more stable þ2 charge state at the time scale of a
few atomic vibrations. An additional problem is that the
photo-ionization is a fast process compared to the time
scale of the electrical measurement, which contradicts
experimental result where NBIS is a slow, time dependent
process. NBIS therefore probably originates from the
creation of another type of donor. This donor should be
meta-stable after electron injection, created through a
time depended process and initiated by the light excitation
of tail states electrons. Theories based on peroxides and
hydrogen are therefore more suitable to explain NBIS
[23]. Oxygen vacancies have also been suggested to be at
the origin of the deep state signatures observed above the
valence band [5d,24]. Both the computed position of the
Kohn Sham orbital and of the charge transition levels do
not support such claims. Experimentally, Stallis et al. also
reported that the deep bandgap feature, or tail states, are
not connected to the presence of oxygen vacancies but to
local variation of oxygen coordination [25]. Our previous
work on bulk a-IGZO also concludes that tail states can be
formed by lack of alignment between the oxygen atoms,
which can be related to a variation of the oxygen
coordination [10]. Isolated oxygen vacancies are there-
fore unlikely to participate in these deep tail states. They
can nevertheless have an impact on these states
originating from the disordered structure. In our model,
the creation of oxygen vacancies modiﬁes the distribution
of tail states. This change is visible on Fig. 2, where the
position of the ﬁrst tail state is plotted in green and clearly
varies as a function of the model. This is easily
understandable since these states are linked to the
interaction of oxygen atoms. As a consequence, the
removal of an oxygen will modify this interaction and
therefore create the tail state distribution as observed in
Fig. 2.
Figure 12 Recovery curves for 12 and 50 nm thick a-IGZO TFTs.
Stress is conducted at VGS-VON¼39V over 130 nm gate oxide.
During recovery, the gate voltage is grounded. The voltage shift,
DVmax, is computed as being the shift of voltage needed to obtain
the same IDS current that the maximum IDS at VGS¼ 20V at
time¼ 0 s.
Figure 13 Temperature dependence of the NBS shift for a 12 nm
thick a-IGZO TFTs (W/L¼ 1, tox¼ 130 nm). During NBS,
VGS-VON/tox¼1MVcm1. The shift DVmax is the shift of the
transistor curve measured at VGS¼ 20V and VDS¼ 0.5V. An
increase of the temperature leads to an increase of NBS instability.
The voltage shift, DVmax, is computed as being the shift of voltage
needed to obtain the same IDS current that the maximum IDS at
VGS¼ 20V at time¼ 0 s.
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5 Conclusions We studied the electronic and ther-
modynamic properties of oxygen vacancies in a-IGZO.
These vacancies were found to act mostly as shallow donors.
In some cases, a deep donor could be formed through the
creation of a metal-metal bond with an electronic signature
able to capture two electrons. This behavior is attributed to
the large atomic relaxation that the system undergoes (up to
>0.7 nm) upon the creation of the oxygen vacancy. The
latter is related to the amorphous nature of the material and
to the strong ionicity of its bonds.
The meta-stability of some vacancies in the neutral
state can contribute to the hysteresis of the transistor
characteristics. Neutral oxygen vacancies can trap elec-
trons when the Fermi level is raised. This electron trapping
is associated with the creation of deep state structurally
characterized by a metal-metal bond with a corresponding
Kohn-Sham state in the upper-half of the bandgap. This
deep donor is expected to persist until the Fermi level is
sufﬁciently lowered again (negative gate bias) such that the
vacancy is positively ionized. This leads to the disappear-
ance of the defect signature as well as its associated
structural defect (the Metal-Metal bond). For a Fermi level
close to the valence band, doubly ionized oxygen vacancies
are found to be very stable, even in oxygen rich conditions.
As a low Fermi-level enhances the probability to create
oxygen vacancies and that oxygen diffusivity is high, the
application of a negative bias stress to an a-IGZO
transistors during long periods can result in the creation
of new vacancies and dope the material [19]. NBS would
therefore originate from the diffusion of oxygen out of the
channel active area.
On the other hand, the model that we propose to describe
the behavior of isolated oxygen vacancies is incompatible
with the models based on oxygen vacancy previously
reported to explain NBIS [22]. Additionally, the results do
not support the idea that tail states above the valence band
are created due to oxygen vacancies.
Supporting Information Additional supporting infor-
mation may be found in the online version of this article at
the publisher’s web-site.
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